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Abstract
Silver-gold nanocages have attracted considerable research interest recently due to
their excellent performance in the fields of biomedicine and photocatalysis. These
applications oftentimes manipulate at elevated temperatures and therefore impose demands
on the thermal stability of the cage structures. To better understand this subject, in this work,
we systematically evaluated the thermal stability of two nanocages with different wall
thicknesses of 3.8 nm and 13 nm, both in the solution-phase (diethylene glycol) and solidphase (in-situ STEM). The results revealed that the nanocages with thicker walls exhibited
better thermal stabilities in both phases. By monitoring and analyzing the morphology
changes of the nanocages, we determined that the nanocages with thin and thick walls
undergo deformation processes differently. Nevertheless, they both deformed into more
thermodynamically stable structures eventually. The plasmonic properties of the nanocages
were also examined.
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Introduction
In the past few years, hollow metallic nanoparticles (MNPs)1 started to gain popularity
and attract the attention of researchers from different science fields due to their various
properties and potential applications.2 Bimetallic nanocrystals3 synthesized from noble metals
such as silver and gold have been found to have a higher surface area, better plasmonic
properties, and lower density making them more desirable in various applications such as
catalysis, energy storage and conversion, sensing, controlled drug delivery, photothermal
therapies, and disease detection .4-9 Metallic nanostructures are well known for their ability to
generate localized surface plasmon resonance (LSPR), making them excellent biosensors with
high sensitivity.10-13 In biomedical use like 3D bioprinting, photothermal therapies, and laserbased applications, metallic nanoparticles are constantly exposed to high or extreme
temperatures, which can interfere with the morphology of the nanoparticle.14-17 Understanding the
thermal stability of metallic nanoparticles is critical because changes in morphology affect their
performance and can be an obstacle to reliable results.
In this paper, we examined the thermal stability of silver-gold (Ag-Au) nanocages with
different wall thicknesses. Ag-Au nanocages are well known for their remarkable LSPR
properties and popularity in biomedical applications.18-21 The LSPR phenomena result from
incident light interaction with surface electrons of conductive MNPs, which cause collective
oscillation with a resonant frequency that strongly depends on nanoparticles' morphology (size,
shape, and composition).22-25 Hollow nanostructures demonstrate better LSPR properties than
solid equivalents due to the plasmon hybridization mechanism.6, 10, 26 Also, the combination of
silver and gold allows obtaining the material which displays LSPR peaks in the visible region of
the spectrum, exhibits high plasmon intensity as Ag, and has great stability and biocompatibility
1

as Au.8, 11, 27-29
The different wall thicknesses of Ag-Au nanocages were achieved by a series of galvanic
replacement and template regeneration reactions (Figure 1).30 Synthesized silver nanocubes were
used as sacrificial templates in the galvanic replacement with Au3+ ions to produce single-layered
Ag-Au nanocages.31, 32 Due to the difference in the electrochemical potential, Au with the higher
reduction potential is reduced and plated onto the surface of the Ag nanocubes, which have a
lower reduction potential, are oxidized, and completely dissolved in the solution.33 The void
space of the obtained Ag-Au nanocages was filled through Ag deposition via template
regeneration reaction, preparing new sacrificial templates (Ag@Ag-Au nanocubes) for another
galvanic replacement with Au3+ ions.30 The resulting nanostructures were Ag-Au nanocages with
thicker walls (two-layered Ag-Au nanocages). We increased the wall thickness to four-layered
Ag-Au nanocages by consistently repeating template regeneration and galvanic replacement. In
this paper, “[Ag-Au]n” notation will be used to designate the multilayered Ag-Au nanocages,
where n determines the number of Ag-Au layers.
To evaluate the impact of wall thickness on the thermal stability of nanocages, we used
[Ag-Au]1 and [Ag-Au]4 nanocages with wall thicknesses of 3.8 nm and 13 nm, respectively. The
thermal stability of Ag-Au nanocages were examined in a solution-phase performed in
diethylene glycol and a solid-phase via in-situ scanning transmission electron microscopy
(STEM). The transmission electron microscopy (TEM) images were taken during the thermal
stability experiments in both phases to record the impact of heat on the morphology of Ag-Au
nanocages with different wall thicknesses. In addition, we recorded the LSPRs of Ag@(Ag-Au)
nanocages with different amounts of deposited silver to observe the changes in plasmonic
properties.
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Figure 1. The diagram illustrates the process of [Ag-Au]n nanocages synthesis by sequential galvanic replacement
and template regeneration reactions in a cross-sectional view.
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Experimental
Unless otherwise specified, all chemicals and materials were reagent grade and used
without further purification. Ethylene glycol (EG) was purchased from J. T. Baker. Other
reagents were obtained from Sigma-Aldrich. All aqueous solutions were prepared with deionized
water (18.2 MΩ‧cm).
2.1. Synthesis of Ag Nanocubes.
50 mL of ethylene glycol (EG) was preheated to 150 ℃ in the 250 mL three-neck round
bottom flask utilizing an oil bath and stirred with the magnetic bar for 1 hour. 0.6 mL of 3 mM
NaHS (in EG) was added into the flask, followed by 5 mL of 3 mM HCl (in EG), injected into
the heated solution 4 min later. Two minutes later, PVP55 (Polyvinylpyrrolidone, Mw  55,000)
was added as a capping agent that prevents aggregation and helps achieve the desired cubic
shape. After another 2 min, 4 mL of CF3COOAg silver precursor was quickly injected into the
mixture. During the reaction, the size of the Ag nanocubes was controlled by monitoring LSPR
peaks utilizing a UV-Vis spectrometer. We stopped the reaction at the LSPR peak around 437
nm by placing the flask with the hot solution into the ice-water bath. Obtained 47.6 nm Ag
nanocubes were stored in a cool and dark place.
2.2. Synthesis of Ag-Au Nanocages.
Earlier synthesized 47.6 nm Ag nanocubes were used as sacrificial templates in the
galvanic replacement reaction to prepare Ag-Au nanocages. 10 mL of 0.5% (w/v) PVP55
capping agent was preheated in the 25 mL round-bottom flask to 95 ℃ for 10 min and stirred
with a magnetic bar. 1.0 mL of 47.6 nm Ag nanocubes was added into the flask, followed by 0.5
mL of 12 mM HCl. 6mL of 0.02% HAuCl4 was injected with a syringe pump at 100 μL/min.
When the injection of HAuCl4 was completed, the mixture was stirred for 15 minutes at 95 ℃
4

and then left to cool down at room temperature. The solution was centrifuged one time with
NaCl crystals and ten times with DI water. The supernatant was removed after each wash, and
the precipitated nanocages were redispersed in the DI water. After the final wash, Ag-Au
nanocages were redispersed in 1.0 mL DI water and stored in a dark and cool place until the next
step.
2.3. Synthesis of Ag@(Ag−Au) Nanocages.
Ag@(Ag-Au) nanocages were prepared based on the seed-mediated growth using Ag-Au
nanocages which were diluted with DI water to calibrate an LSPR extinction intensity at 4.00 au.
500 μL of Ag-Au nanocages were mixed with 1 mL of 1% (w/v) PVP and 500 μL of 0.4 mM AA
in a 50 mL glass vial under magnetic stirring. In each trial, a different amount of 10 mM AgNO3
(0 – 26 μL) was injected into the solution, and the reaction was allowed to proceed for 1 h at
room temperature. The LSPR peaks were monitored and compared utilizing a UV-Vis
spectrometer.
2.4. Synthesis of [Ag-Au]n Nanocages.
Each time to prepare [Ag-Au]n cages, [Ag-Au]n-1 cages were exposed to template
regeneration and galvanic replacement reactions.34 1.0 mL of synthesized Ag-Au nanocages and
5.0 mL of DI water were mixed in a 20 mL glass vail at room temperature under magnetic
stirring. 5 mM AgNO3 and 2.5 mM AA were simultaneously injected at the rate of 5 μL/min
utilizing a dual syringe pump. The LSPR peaks were constantly monitored, and the reaction was
stopped when no shift in major peaks was observed. After centrifugation, the supernatant was
removed, and precipitated Ag@[Ag-Au]1 nanocages were redispersed in 1 mL DI water.
Subsequently, the obtained product was used as a sacrificial templet in the galvanic replacement
reaction described in the previous section, and the [Ag-Au]2 nanocages were synthesized. The

5

templet regeneration and galvanic replacement processes were repeated two more times to
synthesize [Ag-Au]4 nanocage. The LSPR peaks of [Ag-Au]1 and [Ag-Au]4 nanocages were
measured via UV-Vis spectrometer.
2.5. Solution-phase Heating Experiment.
To examine the thermal stability of [Ag-Au]1 and [Ag-Au]4 in solution-phase, 250 μL of
each sample was centrifuged, and the pellet was redispersed in 3.0 mL of diethylene glycol.
Then, the solutions were heated in the oil bath to 150 ℃, 175 ℃, and 200 ℃ under magnetic
stirring. At each temperature, the aliquots were taken at 5 min, 15 min, 30 min, 45 min, and 60
min, transferred to glass vials, and cooled down in an ice bath. To prepare the samples for
morphological analysis, aliquots were centrifuged one time with acetone and two times with DI
water. The samples were collected, and transmission electron microscopy (TEM) was performed
via JEOL JEM-1011 operated at 100 kV.
2.6. In-Situ Scanning Transmission Electron Microscopy (STEM) Heating Experiment.
In-situ scanning transmission electron microscopy (STEM) was performed using an
Aduro system from Protochip Inc., which utilizes E-chips that allow hitting the sample up to
1200 ℃. Tiny drops of [Ag-Au]1 and [Ag-Au]4 nanocage samples were placed on E-chip’s
electron transparent windows. The temperature was increased every 5 min by 50 ℃ until
nanocage collapse was observed. STEM imagining was performed via JEM-ARM200F operating
at 200 kV utilizing the high-angle annular dark-field (HAADF) technique.
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Results
3.1. Characterization of Ag Nanocubes.
According to the TEM and UV-Vis spectra results in Figure 2, we successfully
synthesized uniform Ag nanocubes with an LSPR peak at ⁓ 446 nm. Random analysis of 200
particles indicated that the average edge length (L) of Ag nanocubes was 47.6 nm.

Figure 2. TEM images and UV-Vis spectra of Ag nanocubes. (a,b) TEM images of 47.6 nm Ag nanocubes, (b)
TEM image at higher magnification (scale bar, 20 nm). (c) Normalized UV-Vis spectra of Ag nanocubes with a
major LSPR peak at ⁓446 nm.

3.2. Characterization of [Ag-Au]1 Nanocages.
The TEM cross-sectional image (Figure 3a) confirmed that we obtained the uniform cage
structures as a product of galvanic replacement reaction between 47.6 nm Ag nanocubes and
HAuCl4.35 The dark frames in the TEM cross-sectional image represent the walls, while the light
gray areas indicate the void space of the nanocages. We determined that the approximate size (L)
of synthesized [Ag-Au]1 nanocages was 52.3 nm. The average wall thickness (t) was 3.8 nm.
Based on the data obtained, we calculated that the void size of the nanocages was around 44.7
nm. According to the UV-Vis spectra (Figure 3b), the major LSPR peak of [Ag-Au]1 nanocages
was at 728 nm.
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Figure 3. TEM image and UV-Vis spectra of [Ag-Au]1 nanocages. (a) TEM image of 52.3 nm [Ag-Au]1 nanocages
at room temperature (scale bar, 50nm). (b) Normalized extinction spectra of [Ag-Au]1 nanocages with major LSPR
extinction peak at 728 nm.

3.3. Characterization of Ag@(Ag-Au) Nanocages.
By introducing 0-26 μL of AgNO3 to [Ag-Au]1 nanocages with an avarage size of 47.8
nm, we synthesized the range of Ag@(Ag-Au) nanocages with different amounts of composited
Ag in the inner surface of the cages through the seed-mediated growth. Based on the TEM
images in Figure 4, while the size and composition of the nanocages remained unchanged, only
the thickness of Ag shell increased. As more AgNO3 was introduced, the cavities of Ag-Au
nanocages were gradually filled with silver until they were filled entirely and transformed into
solid Ag@(Ag-Au) nanocubes.. The UV-Vis spectra (Figure 5a) showed that the LSPR
extinction peaks tend to blueshift (a shift toward a shorter wavelength) as the Ag shell thickness
increases. The LSPR peaks stopped shifting after 18 μL of AgNO3 was added. Overall, the LSPR
shifted from 710 nm to 469 nm was observed.

8

Figure 4. TEM images of Ag@(Ag-Au) nanocages. (a-c) TEM images of Ag@(Ag-Au) nanocages synthesized
from 47.8 nm Ag-Au nanocages with addition of 0 μL (a), 14 μL (b), and 26 μL (c) of AgNO3 during seed-mediated
growth. Scale bar, 50nm. (d-f) Magnifide TEM images of Ag@(Ag-Au) nanocages from a, b, and c images,
respectively (scale bar, 15 nm).
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Figure 5. Characterization and LSPR properties of Ag@(Ag−Au) nanocages with different Ag shell thicknesses. (a)
Photograph of aqueous suspensions of Ag@(Ag−Au) nanocages with increasing Ag shell thicknesses, which were
obtained by injection of different amounts of AgNO 3 (0-26 μL) during seed-mediated growth. (b) Corresponding
LSPR extinction spectra of Ag@(Ag-Au) cages with different amount of AgNO3 added.
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3.4. Characterization of [Ag-Au]4 Nanocages.
After sequential repetition of template regeneration and galvanic replacement reactions,
we synthesized [Ag-Au]4 nanocages from 52.3 nm [Ag-Au]1 nanocages. The random analysis of
200 particles showed that the average size and wall thickness of [Ag-Au]4 nanocages were 72.7
nm and 13.0 nm, respectively. According to the measurements we calculated, the void size of the
cages was approximately 46.7 nm. In comparison with the TEM image of [Ag-Au]1 nanocages
(Figure 3a), the TEM image of [Ag-Au]4 nanocages (Figure 6a) grew larger in size and had
noticeably thicker walls. UV-Vis spectra showed the LSPR extinction peak of [Ag-Au]4 was at
591 nm (Figure 6b), which was much lower than the LSPR of [Ag-Au]1 nanocages (728 nm).

Figure 6. TEM image and UV-Vis spectra of [Ag-Au]4 nanocages. (a) TEM cross-sectional image of 72.7 nm
[Ag-Au]4 nanocages at room temperature (scale bar, 50nm). (b) Normalized extinction spectra of [Ag-Au]4
nanocages with LSPR peak at 591 nm.

3.5. Evaluation of Thermal Stability in Solution-Phase.
Figure 7 represents the TEM images of [Ag-Au]1 nanocages heated for 5 min, 15 min, 30
min, 45 min, and 60 min at different temperatures (150 ℃, 175 ℃, and 200 ℃). We can see that
at 150 ℃, with time, small pores appear on the nanocages forming huge holes on the cage side
faces (Figure 7a-d). The cage structure shifted to a void cube shape, and in Figure 7e, we can
11

notice that some edges started to degrade, thicken, and shrink into a U-like structure. At 175 ℃
(Figure 7f-j), [Ag-Au]1 nanocages collapsed faster, forming thickened frames. As time increased,
truncated corners made frames to obtain an O-shaped structure which then became U-shaped due
to some edge disruption (Figure 7h-j). At 200 ℃, after 5 min of heating, [Ag-Au]1 nanocages
deformed into an O-like structure due to cage faces degradation, corner truncation, and wall
thickening caused by Ag and Au atoms migration (Figure 7k). At 15 min, the edges were
fractured, creating U-shaped and rod-like structures (Figure 7l), which later obtained a spherical
shape (Figure 7m-o). Based on the TEM images in Figure 8, we can see that [Ag-Au]4 nanocages
show higher thermal stability in comparison with [Ag-Au]1 nanocages under the same
conditions. We can see only slight degradation of cage vertices and edges, which transform the
cages into spherical shapes. No edge breaks were observed during heating experiment with [AgAu]4 nanocages.

Figure 7. TEM images of [Ag-Au]1 cages heated at different temperatures every 5, 15, 30, 45, and 60 minutes. (a-e)
150 ℃; (f-j) 175 ℃; (k-o) 200 ℃. The scale bar is applicable to all images.
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Figure 8. TEM images of [Ag-Au]1 nanocages taken at 5, 15, 30, 45, and 60 minutes at: (a-e) 150 ℃; (f-j) 175 ℃;
(k-o) 200 ℃. The scale bar is applicable to all images.

3.6. Evaluation of In-suit STEM Heating Experiment Results.
Figure 9 illustrates the STEM images of [Ag-Au]1 nanocages at room temperature, 200
℃, and 250 ℃. While at 200 ℃, [Ag-Au]1 nanocages still preserved their shape; however, at
250 ℃, it collapsed and shrank to a U-shaped structure. According to Figure 10, [Ag-Au]4
nanocages were able to withstand much higher temperatures than [Ag-Au]1 nanocages. At 150
℃ (Figure 10b), [Ag-Au]4 nanocages maintained their shape and stayed almost intact and were
able to preserve their cage shape even at 600 ℃ (Figure 10e). At 350 ℃ (Figure 10c), the void
space became more spherical due to Ag and Au atoms' migration toward the corners, and the
walls significantly thinned out at 600 ℃. The [Ag-Au]4 nanocages collapsed and shrank, forming
a solid shape at 650 ℃ (Figure 10f).
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Figure 9. In-suit HAADF-STEM images [Ag-Au]1 nanocages. (a) room temperature; (b) heated for 5 min at 200 ℃;
(c) heated for 5 min at 250 ℃.

Figure 10. In-suit HAADF-STEM images [Ag-Au]4 nanocages. (a) room temperature; (b) heated for 5 min at 150
℃; (c) heated for 5 min at 350 ℃; (d) heated for 5 min at 500 ℃; (e) heated for 5 min at 600 ℃; (f) after 1 min at
650 ℃.
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Discussion
This study aimed to evaluate the thermal stability of Ag-Au nanocages with different wall
thickness and their plasmonic properties. For that purpose, all Ag-Au nanocages of different
sizes were synthesized from the same batch of 47.6 nm Ag nanocubes through a series of
template regeneration and galvanic replacement reactions. It is essential to synthesize uniform
and good quality nanocages to obtain reliable results; that is why multiple trials were performed
to choose the best batch. However, the presence of aggregated particles was still possible. All
obtained nanocages were visually analyzed using Transmission Electron Microscope (TEM)
images and the ImageJ program. The [Ag-Au]1 and [Ag-Au]4 nanocages that were used in the
experiments had an average size of 52.3 nm and 72.7 nm and wall thickness of 3.8 nm and 13.0
nm, respectively. It was calculated that [Ag-Au]1 and [Ag-Au]4 nanocages had similar void sizes
around 44.7 nm and 46.7 nm, respectively. Based on these parameters, the [Ag-Au]1 and [AgAu]4 nanocages have become ideal models for comparing their thermal stability and plasmonic
properties.
The plasmonic properties analysis of Ag-Au nanocages showed that cages with thicker
walls exhibit lower LSPR extinction peaks. Specifically, according to the UV-Vis spectra of
[Ag-Au]1 nanocages, the major LSPR peak was at 728 nm (Figure 3b). However, [Ag-Au]4
nanocages with thicker walls had an LSPR peak at 591 nm. The Ag@(Ag-Au) nanocages with
different Ag shell thicknesses also showed the tendency to blueshift (from 710 nm to 469 nm) as
the silver shell thickness increased (Figure 5b). Nevertheless, it was observed that the LSPR
peaks stopped shifting when more than 18 μL of AgNO3 was added. This can be explained due to
the fact that the structures were solidified and the addition of more AgNO3 was not able to
influence the Ag shell thickness anymore.
15

To evaluate the impact of wall thickness on the thermal stability of Ag-Au nanocages,
[Ag-Au]1 and [Ag-Au]4 nanocages were exposed to high temperatures, and the TEM images of
their structures were taken at different incubation times. The experiment was performed in the
solution-phase by heating nanocages dispersed in diethylene glycol and in the solid-phase via insitu scanning transmission electron microscopy (STEM). The thermal stability experiment in
solution-phase showed that [Ag-Au]1 nanocages started to deform at 150 ℃ after 15 min and at
175 ℃ after 5 min. It started to lose its cage structure at 150 ℃ after 45 min and at 175 ℃ after
15 min (Figure 7). At 200 ℃, the [Ag-Au]1 nanocages collapsed immediately. At the same
settings, [Ag-Au]4 nanocages preserved their cage structure, and only corners were truncated
(Figure 8). During the in-situ STEM experiment, [Ag-Au]4 nanocages preserved their cage
structure till 600 ℃ and became solid at 650 ℃ due to the atoms' migration toward the core. In
comparison, the [Ag-Au]1 nanocages completely collapsed after being heated at 250 ℃. In
solution-phase and solid-phase experiments, the [Ag-Au]4 nanocages demonstrated significantly
higher thermal stability than the [Ag-Au]1 nanocage, which means that thicker walls can
withstand and maintain their structure at high temperatures better. In addition, Ag-Au nanocages
demonstrated higher thermal stability in solid-phase than in solution-phase.
In addition, the shape deformation pattern is appeared to be different for different wall
thicknesses. The [Ag-Au]1 nanocages underwent pore formation on the side faces and coroners.
Followed by edges truncation, the nanocages transformed into U-shaped structures, and then
shrank to solid spherical nanostructures. The [Ag-Au]4 nanocage did not have a U-shaped
structure stage. Ag and Au particles, from truncated corners and edges, migrated toward the
inner surface areas of the cages, forming solid spherical nanostructures. Nanocages' tendency to
shrink and transform into solid structures via particle migration to the void space can be

16

explained with the attempt to reduce the surface area to more thermodynamically stable
structures. We assumed that these observations could be useful in the synthesis of nanospheres.
In theory, high temperatures can help to synthesize better spherical structures due to the tendency
of nanostructures to obtain thermodynamically stable forms under high temperatures.
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Conclusion
In general, the experiment showed that the Ag-Au nanocage's wall thickness significantly
impacts the nanocage's thermal stability. We observed that cages with thicker walls demonstrated
significantly greater thermal stability in both solution-phase (diethylene glycol) and solid-phase
(in-situ STEM) than cages with thinner walls. These findings can be used to improve the
performance and ensure the reliability of the Ag-Au nanocages under high temperatures. In
addition, all nanocages showed the tendency to transform into a more thermodynamically stable
structures by atoms' migration toward void space, leading to the reduced surface area and
structure solidification.
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